ABSTRACT: Plankton biomass estimates are often made using cell size measurements from samples preserved with fixatives such as Lugol's or glutaraldehyde. However, preservation of plankton samples can introduce artifacts to species abundance and cell volume estimates. The goal of this study was to quantify the extent of fixation-induced cell volume change in 18 species of dinoflagellates and 8 species of diatoms in order to provide correction factors to improve biomass estimates. Highly variable and species-specific cell volume changes were found with respect to cell covering, fixative type and strength, time of storage and analysis method (light vs epifluorescence microscopy). Both swelling and shrinking were observed with both fixatives in dinoflagellates and diatoms. Dinoflagellate cell volume changes ranged from over 60% shrinkage to 30% swelling. Cell volume of some diatom species shrank over 30% and swelled almost 30%. These results contradict the common assumption that diatoms are not affected by preservation due to their silica frustule. The observed cell volume changes for both dinoflagellates and diatoms differed from those reported for ciliates and other flagellates. Therefore, application of previously reported correction factors would lead to inaccurate estimates of biovolume and thus carbon biomass. Fixation caused significant changes in biomass predictions of individual dinoflagellate and diatom species. However, biomass estimates for samples containing several species were not significantly different whether based on live or fixed cell volumes.
INTRODUCTION
Accurate biomass estimates are essential to determine the quantitative role of dinoflagellates and diatoms in microbial food webs. Both dinoflagellates and diatoms can be significant primary producers and the accuracy of biomass measurements has important ramifications for estimates of global carbon (C) and silica biogeochemistry. Additionally, many dinoflagellate species are heterotrophic, and accurate biomass estimates are needed to assess their trophic significance. Estimates of C biomass for planktonic organisms are usually made by converting cell volume to cellular C content using empirical or theoretical C to volume ratios. C to volume relationships have been established for a number of planktonic protist groups. Some conversions are based on cell volumes of live specimens (Parsons et al. 1961 , Montagnes et al. 1994 , MendenDeuer & Lessard 2000 , whereas others are based on cell volumes of fixed specimens (Mullin et al. 1966 , Strathmann 1967 , Verity & Langdon 1984 , Verity et al. 1992 . Most cell size measurements of plankton samples have been made based on fixed plankton samples; however, C to volume relationships based on live cells have often been used to estimate plankton biomass from fixed samples. Failure to take fixation-induced cell volume changes into account could lead to inaccurate estimates of plankton biomass.
Plankton samples collected in the field are often treated with fixatives to preserve organisms for future taxonomic identification and quantification. Widely used fixatives include Lugol's iodine and Bouin's solutions, glutaraldehyde and formaldehyde. Each of these fixatives has been shown to introduce artifacts, including failure to preserve certain taxa (e.g. through dissolution of CaCO 3 ), reduction in the abundance of particular taxa and changes in cell size (e.g. Leakey et al. 1994 , Stoecker et al. 1994 . Preservation-induced artifacts have long been recognized as potentially significant factors in introducing bias to the analysis of plankton samples (Throndsen 1978 , Booth 1987 , Stoecker et al. 1994 ). These artifacts have been studied extensively in ciliates (e.g. Leakey et al. 1994 , Stoecker et al. 1994 and in groups of phylogenetically diverse phytoplankton, including some dinoflagellate and diatom species (Booth 1987 , Verity et al. 1993 , Montagnes et al. 1994 ). However, no study has systematically investigated the importance of fixation-induced cell size changes in dinoflagellates and diatoms. The goal of this study was to determine whether fixation-induced cell volume changes affect plankton cell volume measurements in a predictable fashion, such that correction factors might be applied to improve C biomass estimates.
To address these issues, the relationship between cell volume of live and fixed dinoflagellates and diatoms was examined, and the potential bias of fixation on cellular C content estimates was quantified. We hypothesized that: (1) different types of fixatives have different effects on cell volume; (2) cell volume changes consistently during storage; (3) higher concentrations of the same fixative alter cell volume to a greater extent; (4) groups of species with different types of cell covering (i.e. silica frustule in diatoms, polysaccharide plates in thecate and membrane in athecate dinoflagellates) respond differently to fixation; and (5) filtration of fixed samples for analysis with epifluorescence microscopy affects cell volume differently than settling fixed samples for light microscopy.
MATERIALS AND METHODS
Culturing conditions. Diatoms and phototrophic dinoflagellates were cultured at 18°C in F/2 medium (Guillard 1975) Sampling and fixation treatments. All species were harvested during the exponential growth phase. The effect of 2 widely used fixatives on cell volume was determined using acid Lugol's iodine solution (hereafter Lugol's; Throndsen 1978) and glutaraldehyde on 10 dinoflagellate and 8 diatom species measured using light microscopy and settled samples (Table 2) . Typically, the final concentration of glutaraldehyde used ranges between 0.5 and 2%. Therefore, a concentration of 1% glutaraldehyde was chosen for this analysis. In contrast, Lugol's final concentrations are more variable and subjective (e.g. tea or whiskey colored as described by Montagnes et al. 1994 ); Lugol's was used at a final concentration of 2%. The samples were measured within 1 wk of fixation, except for species included in the time course experiment (below) where the longest stored samples were included.
To estimate cell volume changes during storage time, 4 species of dinoflagellates (Ceratium fusus, Gymnodinium sanguineum, G. simplex, Scrippsiella trochoidea) and 3 diatom species (Coscinodiscus sp., Ditylum brightwellii, Thalassiosira sp.) were fixed with 2% Lugol's or 1% glutaraldehyde, stored in glass scintillation vials in the dark at 4°C and measured repeatedly over a period of up to 8 mo.
The effect of Lugol's concentration on cell volume was examined in 3 dinoflagellate species (Amphidinium carterae, Ceratium fusus, Gymnodinium sanguineum) and 3 diatom species (Coscinodiscus sp., Ditylum brightwellii, Thalassiosira sp.). These species were chosen because they represent a wide range of cell sizes within each group. Each species was fixed with 0.5, 2 and 10% Lugol's, reflecting the range of working concentrations (Montagnes et al. 1994) . Cell volumes were measured after 1 d of fixation in dinoflagellates and after 1 wk in diatoms.
The influence of glutaraldehyde fixation in combination with filtration on cell volume was examined for 14 athecate and thecate dinoflagellate species (Table 3) . These samples were fixed to a final concentration of 1% glutaraldehyde, stained with 5 µg ml -1 final concentration DAPI for 3 min, drawn onto 0.2 µm black polycarbonate filters on top of pre-wetted Data from time dependence experiment included Table 2 . Average linear dimensions (µm) and calculated volume (µm 3 ) of live, Lugol's and glutaraldehyde fixed cells measured using light microscopy. CV: coefficient of variation; n: number 0.8 µm nylon backing filters (Poretics) and frozen for a period of 10 to 12 wk before examination (Lessard & Murrell 1996) . In all treatments, sample volume was 10 ml and the fixative was added to the sample, rather than adding the sample to the fixative; this method may have caused some cells to experience less than the target fixative concentration. Microscopic analysis. All live cell dimensions were measured in a settling chamber using transmitted light and magnification between 200 to 400×. Live samples were examined when sufficient numbers of cells had settled, usually within 30 min to 2 h. If necessary, live cells were immobilized by adding nickel sulfate (0.003% final concentration). Nickel sulfate did not appear to alter cell shape or size during the time of measurement; however, no quantitative comparisons were possible, since live cells could not be measured without immobilization with this method. Lugol's and glutaraldehyde preserved cells were measured after settling for a minimum of 3 h. The glutaraldehyde preserved, filtered samples were examined with epifluorescence microscopy with blue light and/or UV excitation. No preserved measurements could be obtained for Amphidinium asymmetricum, an athecate dinoflagellate, because this species either lysed or was unrecognizable after fixation. A Zeiss Axiovert microscope equipped with a digitizer pad and Microbiota software (Roff & Hopcroft 1986 ) was used for both transmitted light and epifluorescence measurements. The precision of microscopic measurements using the digitizer was determined to be ± 0.5 µm for length measurements between 10 and 100 µm. For each sample, 30 to 150 individual cells were measured (Tables 2 & 3) . Linear measurements were converted to cell volume using geometric formulae and the considerations discussed in MendenDeuer & Lessard (2000) .
Data analysis. The results for the statistical analysis are reported for cell volumes only. However, the results do not differ whether based on the linear dimensions or volume. To normalize the data, individual volume measurements were log 10 transformed. Comparisons involving 1 or more factors were made using 1-or 2-factor ANOVA. In order to take species to species variability into account when examining the significance of the type of cell covering for the observed volume changes, species were included as a nested factor in the ANOVA. Identification of significantly different groups were made using appropriate posthoc tests (e.g. Student-Newman-Keuls). The nonparametric equivalent, ANOVA on ranks/KruskalWallis, was used when data were not normally distributed or violated the assumption of equal variance. Contrasts of cell volume averages before and after fixation were made using either a paired t-test or ) of live and glutaraldehyde fixed cells measured using epifluorescence microscopy. CV: coefficient of variation; n: number a Wilcoxon signed rank test, the latter in cases where data were not normally distributed. Quantitative relationships between 2 parameters were described through linear regression analysis (Model I). Differences were judged non-significant when p ≥ 0.05. To facilitate between species comparisons, relative cell volume changes were determined by computing the relative difference (∆) between live (LV ) and fixed (FV ) volume: ∆ = (FV -LV )/LV. Generally, it is recommended to subject such fractions to an arcsine transformation, to avoid non-normal data distribution (Zar 1996) . Thus, we first confirmed that the fraction data were normally distributed before proceeding with the data analysis.
RESULTS

Fixative and cell covering type
With the exception of Lithodesmium undulatum, the coefficient of variation (CV) of live and fixed cell volumes (Table 2 ) compare well to published CV values (Putt & Stoecker 1989 , Verity et al. 1992 , MendenDeuer & Lessard 2000 . Fixation with either Lugol's or glutaraldehyde and measurement with a light microscope resulted in highly variable cell volumes with up to 50% shrinkage and almost 30% swelling (Table 2 , Fig. 1 ). Some species showed no change in cell volume. A 2-factor ANOVA was used to examine whether the type of fixative and/or the type of cell covering significantly affected observed cell volume changes. The importance of the cell covering was tested by grouping different species with the same cell covering. However, these species are characterized by more differences than cell covering alone. Therefore, to take species to species differences within each group into account, the different species were nested as a factor within the cell covering factor. Even when considering among species differences, only the type of cell covering significantly influenced cell volume changes (p = 0.015). Therefore, data for both types of fixative were combined and fixation-induced cell volume changes were examined in the 3 groups separately. As a group, thecate dinoflagellate cell volumes increased significantly (p = 0.0004) upon fixation. The average increase in cell volume was 16% and ranged from no volume change to 30% swelling. The average athecate dinoflagellate volume was 9% lower after fixation and the average diatom volume was 7% lower. However, the average difference between live and fixed volumes was not statistically significant for either group. Nonetheless, individual species' live and fixed cell volumes differed considerably. In athecate dinoflagellates, cell volume changes ranged from 23% shrinkage to 5% swelling. Similarly, diatom cell volume changes ranged from 33% shrinkage to 28% swelling. The absence of a significant change in cell volume for athecate dinoflagellates and diatoms may only apply to the particular group of species included in this study. Consequently, fixation-induced artifacts may not necessarily be ignored for athecate dinoflagellates and diatoms.
Time dependence. The effect of storage time on fixation-induced cell volume changes was examined for several dinoflagellate and diatom species (Fig. 2) . All dinoflagellates, except for Gymnodinium sanguineum, were measured over a period of 3 mo The dinoflagel- (Table 2 ). The 0 line refers to no change relative to live volume. Athecate dinoflagellates: A.c. , Amphidinium carterae; A.o., A. operculatum; G.sa., Gymnodinium sanguineum; G.sx., G. simplex. Thecate dinoflagellates: C.fr., Ceratium furca; C.fs., C. fusus; G.f., G. foliaceum; P.m., Prorocentrum micans; P.d., Protoperidinium depressum; S.t., Scrippsiella trochoidea. Diatoms: C.f., Chaetoceros didymus; Cos., Coscinodiscus sp.; D.b., Ditylum brightwellii; L.d., Leptocylindrus danicus; L.u., Lithodesmium undulatum; S.p., Stephanopyxis palmeriana; T.r., Thalassiosira rotula; T.sp., Thalassiosira sp. lates showed similar responses to fixation over time ( Fig. 2a to d) . During the first day of fixation, cell volume varied considerably for all dinoflagellates. Initial shrinkage was followed by swelling or vice versa ( Fig. 2a to d) . After 3 mo, G. simplex volume had increased by 22% in Lugol's and 46% in glutaraldehyde. The 2 thecate species Ceratium fusus and Scrippsiella trochoidea shrank over the first month of fixation (up to 9%) and after 3 mo had swelled by up to 24%. The athecate dinoflagellates G. sanguineum and G. simplex showed significantly different reactions to the 2 fixative types (p < 0.0001). Although no significant differences in response to Lugol's and glutaraldehyde fixation were found when all species were combined in the previous comparison, long-term storage in the 2 fixatives appears to induce differences in cell volume change. The data are insufficient to conclude whether this was a function of time alone or was also affected by, for example, cell covering or fixative concentration.
The diatom species had different responses to prolonged fixation (Fig. 2e to g ) than the dinoflagellates. During the first 3 to 24 h of fixation, diatom cell volume fluctuated but there was no significant difference between live and fixed measurements. Therefore, no correction would be necessary for diatoms measured within 1 d of fixation. After more than 1 wk of fixation, mean cell volume for all 3 species shrank significantly. The cell volume changes in glutaraldehyde were about twice the change observed in Lugol's. For the smallest diatom, Thalassiosira sp., cell volume decreased over 50% after 8 mo of storage due to a change in linear dimensions of about 0.6 µm. Although this change resulted in a remarkable volume decrease, the difference in linear dimension approached the precision of the measurements. Fixation-induced changes in cell volume of very small cells may not be resolvable with this measurement method.
Concentration dependence
Lugol's applied at 3 concentrations between 0.5 and 10% was observed to induce both swelling and shrinking in both dinoflagellates and diatoms. Only Coscinodiscus sp. was observed to swell and Thalassiosira sp. to shrink in response to all fixative concentrations (Fig. 3 , p < 0.0011). Fixation-induced cell volume changes of different concentrations of Lugol's were small compared to the inherent variability of cell volumes (Fig. 3) . However, the time interval for this comparison was 1 d for dinoflagellates and 1 wk for diatoms. The results from the time course experiment show that cell volume changes occur over longer periods than 1 wk. Therefore, this comparison should be conducted over longer periods to provide more conclusive evidence. Fig. 1 
Filtration and epifluorescence microscopy
Fixation of dinoflagellates with 1% glutaraldehyde in combination with the filtration of cells onto slides and subsequent measurement by epifluorescence microscopy led to a significant shrinkage in cell volume (p = 0.0002, Table 3 ). Preserved dinoflagellate cell volumes were on average 32% smaller than those of live cells (range -69 to 5%). There was no significant difference between fixation-induced shrinkage in thecate and athecate species.
Live volume predictions
Regression analysis was used to examine if fixationinduced artifacts can be corrected for by predicting live cell volume from fixed cell volumes. No significant relationship was found between live and fixed cell volume of athecate dinoflagellates or diatoms. Significant regressions were determined for all dinoflagellate and diatom data in Table 2 combined (Eq. 1, Table 4 ), all data in Table 3 combined (Eq. 2, Table 4 ) and the regression of all thecate dinoflagellate data in Table 2 (Eq. 3, Table 4 ). The slopes of Eqs (1) & (2) were significantly less than 1, indicating that small cells shrink to a greater extent than large cells. Therefore, application of a constant shrinkage factor for all sizes, rather than the equations presented here, would lead to a systematic bias. The slope of Eq. (3) was not significantly different from 1 (p = 0.110). However, the exponent does influence the predicted live volume and should not be ignored.
DISCUSSION
The direction and magnitude of fixation-induced cell volume change in dinoflagellates and diatoms was not related to whether Lugol's or glutaraldehyde was used. Either fixation could induce swelling, shrinking or no change. Thecate dinoflagellates consistently swelled, whereas athecate dinoflagellates and diatoms both shrank and swelled in response to both fixatives. Significant differences in cell volume changes between the 2 different fixatives were only observed in a few species, especially after long-term storage. These results differ from previous studies on ciliates and heterotrophic nanoflagellates, which showed that Lugol's and glutaraldehyde appear to induce different trends in cell volume changes. Lugol's, with few exceptions, induces shrinking in marine and freshwater ciliates while glutaraldehyde can induce shrinking, swelling or no change (Putt & Stoecker 1989 , Jerome et al. 1993 , Stoecker et al. 1994 , Wiackowski et al. 1994 ). Similar observations have been made in 2 species of heterotrophic nanoflagellates (Choi & Stoecker 1989) as well as in photosynthetic picoplankton and nanoflagellates (Booth 1987 , Montagnes et al. 1994 ). These results suggest that dinoflagellates and diatoms have different responses to fixation with Lugol's and glutaraldehyde than other phylogenetic groups, especially ciliates. Thus, previously described correction factors for fixation-induced volume change should not be applied to dinoflagellates and diatoms. It is noteworthy that fixation-induced cell volume changes were observed in diatoms. It has long been assumed that diatoms are unaffected by fixation due to their silica frustule. The results agree with Montagnes et al. (1994) , who observed cell volume changes in 3 diatom species after Lugol's fixation.
Time of storage was a factor with potentially significant effects on cell volume estimates (Fig. 2) . Cell volume changes did not increase or decrease linearly during time of storage. The direction of cell volume change during short-term storage (<1 wk) was quite variable for all species. During longer storage dinoflagellates and diatoms showed some consistent withingroup trends. In general, dinoflagellates shrank and then swelled (except for Gymnodinium sanguineum in glutaraldehyde) and diatoms shrank (except for Coscinodiscus sp. in Lugol's). Zinabu & Bott (2000) also observed initial swelling followed by shrinkage in a flagellate and ciliate when fixed with formalin or a combination of formalin and Lugol's. A similar phenomenon was reported for freshwater ciliates stored for 2 mo (Wiackowski et al. 1994) . The progressive swelling of dinoflagellates suggests that one potential cause of cell loss during storage may be due to timedependent bursting of cells. For diatoms, Lugol's induced smaller cell volume changes than glutaraldehyde during long term storage, and thus would be the preferable fixative to use. The effect of storage should be investigated further as differences in magnitude and sometimes even the direction of volume change were observed for some species between samples stored for periods of days versus months.
Fixative concentration was not a significant factor in the extent of cell volume change (Fig. 3) . However, this comparison was based on measurements made after 1 d and 1 wk of storage. Longer storage might show different results. Montagnes et al. (1994) also observed no consistent effect due to concentration of Lugol's when applied to various phytoplankton species. However, Stoecker et al. (1994) measured significantly lower ciliate cell volumes with 10 versus 5% Lugol's. Storage time and fixative concentration, along with other factors, probably interact to influence changes in cell volume and should be investigated simultaneously in future experiments.
The 2 methods of sample preparation of glutaraldehyde fixed cells (settling vs filtering) induced different cell volume changes in the same species (Fig. 4) . Some species shrank and others swelled in settled samples measured with light microscopy while most species shrank when measured after filtration using epifluorescence microscopy. Booth (1987) examined cell diameter changes in Lugol's fixed and settled samples and glutaraldehyde fixed and filtered samples in pico-and nanoplankton and also observed both swelling and shrinking of similar magnitude. For the preservation of dinoflagellates and diatoms each method has particular advantages. The direction of the cell volume change would be difficult to predict, but the magnitude of change was generally lower in settled samples than in filtered samples. The filtration methods on the other hand, consistently induced shrinkage in most species. Although cell volume changes in filtered samples were greater in magnitude and more variable in extent than settled samples, the consistency in direction would be somewhat easier to account for. Several species of heterotrophic dinoflagellates were included in this study (Bernardinium sp., Oxyrrhis marina, Protoperidinium concicum, P. depressum, P. pellucidum). It appears that heterotrophic species, as a group did not show a different response than autotrophic species to both preparation methods.
Fixation-induced cell volume changes can have various ramifications but deserve particular attention due to their fundamental importance to C biomass estimates. To explore the quantitative importance of fixation on biomass estimates, predictions based on empirical live and fixed volumes for dinoflagellates and diatoms from this study were compared. Furthermore, the equations from Table 4 were applied to fixed cell volumes in order to determine if their use would improve C biomass estimates. All predictions of cellular C content are based on the C to volume conversion equations in Menden-Deuer & Lessard (2000) .
When data for all species measured with light microscopy (Table 2) were combined, cellular C content predictions based on fixed cell volumes were, on average, not different from estimates based on actual live volumes. However, the estimates for individual species ranged from a 44% underestimate to a 23% overestimate. This broad range was only slightly reduced (range -33 to 20%) when C content estimates were based on predicted live volumes rather than fixed volumes (Eq. 1, Table 4 ). For the epifluorescence method, using fixed cell volume to determine C content of dinoflagellates led to an average underestimate of 26% (range -59 to 3%). Application of the correction equation to predict live volume (Eq. 2, Table 4 ) improved average C content predictions, which was only 2% higher than was estimated using live volumes with a range from -35 to 45%. A broader range of estimates (-70 to 30%) was observed when the correction factor of Montagnes et al. (1994, live volume = 1.33 × fixed volume) was applied to predict live volume. For thecate dinoflagellates, cellular C content estimates were, on average, improved by using predicted live volumes (Eq. 3, Table 4 ) rather than fixed cell volumes. While fixed cell volumes led to an average 12% (0 to 22%) overestimate of cellular C content, there was no difference (range -11 to 12%) between cellular C based on predicted or empirically determined live cell volumes. C biomass predictions based on live versus fixed volumes for athecate dinoflagellates and diatoms as separate groups (Table 2 ) only differed about 10%. Considering the large error associated with volume measurements, this appears to be an acceptable deviation. Application of the conversion equations (Table 4) improved average C content estimates for mixed plankton samples containing several species. If field samples were dominated by only a few species, such as in bloom situations, the bias of the estimate would be largely dependent on the cell volume response to fixation of that particular species. Furthermore, for all presented conversion equations the ranges of the estimates remained large since all treatments induced considerable changes in estimated cellular C content of individual species.
In conclusion, there are no simple approaches to correct for fixation-induced cell volume changes in individual species of dinoflagellates or diatoms. These results agree with previous studies, that preservation induces highly variable, species-specific effects (e.g. Pfister et al. 1999) . Therefore, the selection of appro- priate corrections (if available) will be strongly case dependent. This species-specificity may be a function of factors such as organism physiology or growth stage (Jerome et al. 1993 , Wiackowski et al. 1994 ). Many of these potential factors would be uncontrollable or unknowable in field samples. To improve volume and thus biomass estimates from fixed samples, it appears most important to quantify the direction and maximum extent of potential cell volume changes for important species. For both dinoflagellates and diatoms, preservation was observed to induce large changes in cell volume of individual species which can significantly affect derived variables such as specific metabolic rates and carbon biomass estimates for those species. The conversion equations presented here can inprove biomass estimates for some groups. Furthermore, fixation induced cell volume changes appear to be a negligible factor in estimates for mixed samples containing many species. 
